Abstract. Solar eruptions sometimes produce protons, which impact the Earth's atmosphere. These solar proton events (SPEs) generally last a few days and produce high energy particles that precipitate into the Earth's atmosphere. The protons cause ionization and dissociation processes that ultimately lead to an enhancement of odd-hydrogen and oddnitrogen in the polar cap regions (>60 • geomagnetic latitude). We have used the Whole Atmosphere Community Climate Model (WACCM3) to study the atmospheric impact of SPEs over the period . The very largest SPEs were found to be the most important and caused atmospheric effects that lasted several months after the events. We present the short-and medium-term (days to a few months) atmospheric influence of the four largest SPEs in the past 45 years (August 1972; October 1989; as computed by WACCM3 and observed by satellite instruments. Polar mesospheric NO x (NO+NO 2 ) increased by over 50 ppbv and mesospheric ozone decreased by over 30% during these very large SPEs. Changes in HNO 3 , N 2 O 5 , ClONO 2 , HOCl, and ClO were indirectly caused by the very large SPEs in October-November 2003, were simulated by WACCM3, and previously measured by Envisat Michelson Interferometer for Passive Atmospheric Sounding (MIPAS). WACCM3 output was also represented by sampling with the MIPAS averaging kernel for a more valid comparison. Although qualitatively similar, there are discrepancies between the model and measurement with WACCM3 predicted HNO 3 and ClONO 2 enhancements being smaller than measured and N 2 O 5 enhancements being larger than measured. The HOCl enhancements were fairly Correspondence to: C. H. Jackman (charles.h.jackman@nasa.gov) similar in amounts and temporal variation in WACCM3 and MIPAS. WACCM3 simulated ClO decreases below 50 km, whereas MIPAS mainly observed increases, a very perplexing difference. Upper stratospheric and lower mesospheric NO x increased by over 10 ppbv and was transported during polar night down to the middle stratosphere in several weeks past the SPE. The WACCM3 simulations confirmed the SH HALOE observations of enhanced NO x in September 2000 as a result of the July 2000 SPE and the NH SAGE II observations of enhanced NO 2 in March 1990 as a result of the October 1989 SPEs.
Introduction
The Earth's atmosphere is occasionally bombarded by a large flux of protons during solar proton events (SPEs). Although relatively infrequent, some of the especially large SPEs have been documented to have a substantial influence on chemical constituents in the polar middle atmosphere, especially HO x , NO y , and ozone (e.g. Weeks et al., 1972; Heath et al., 1977; Reagan et al., 1981; McPeters et al., 1981; McPeters and Jackman, 1985; McPeters, 1986; Jackman and McPeters, 1987; Zadorozhny et al., 1992; Jackman et al., 1995 Jackman et al., , 2001 Jackman et al., , 2005a Randall et al., 2001; Seppala et al., 2004 Seppala et al., , 2006 López-Puertas et al., 2005a, b; von Clarmann et al., 2005; Orsolini et al., 2005; Degenstein et al., 2005; Rohen et al., 2005; Verronen et al., 2006) . The influx of solar protons during large events, which are more frequent near solar maximum, can strongly perturb the chemical composition of the polar middle atmosphere via ionization, dissociation, dissociative ionization, and excitation processes.
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The important constituent families of HO x (H, OH, HO 2 ) and NO y (N( 4 S), N( 2 D), NO, NO 2 , NO 3 , N 2 O 5 , HNO 3 , HO 2 NO 2 , ClONO 2 , BrONO 2 ) are produced either directly or through a photochemical sequence as a result of SPEs. The SPE-produced HO x constituents are important in controlling ozone in the upper stratosphere and mesosphere (pressures less than about 2 hPa). Short-term ozone destruction via the HO x species proceeds through several catalytic loss cycles such as OH+O 3 → HO 2 +O 2 followed by HO 2 +O → OH + O 2 Net: O+O 3 → O 2 +O 2 and H+O 3 → OH+O 2 followed by OH+O → H+O 2 Net: O+O 3 → O 2 +O 2 .
The SPE-produced NO x (NO+NO 2 ) constituents lead to short-and longer-term catalytic ozone destruction in the lower mesosphere and stratosphere (pressures greater than about 0.5 hPa) via the well-known NO x -ozone loss cycle NO+O 3 → NO 2 +O 2 followed by NO 2 +O → NO+O 2 Net: O+O 3 → O 2 +O 2 .
There have been a number of modeling studies focused on understanding and predicting the atmospheric influence of SPEs (e.g. Warneck, 1972; Swider and Keneshea, 1973; Crutzen et al., 1975; Swider et al., 1978; Banks, 1979; Fabian et al., 1979; Jackman et al., 1980 Jackman et al., , 1990 Jackman et al., , 1993 Jackman et al., , 1995 Jackman et al., , 2007 Rusch et al., 1981; Solomon et al., , 1983 Reagan et al., 1981; Jackman and McPeters, 1985; Roble et al., 1987; Reid et al., 1991; Vitt and Jackman, 1996; Vitt et al., 2000; Krivolutsky et al., 2001 Krivolutsky et al., , 2003 Krivolutsky et al., , 2005 Krivolutsky et al., , 2006 Verronen et al., 2002 Verronen et al., , 2006 Semeniuk et al., 2005) . Most of these studies were carried out with lower dimensional models (0-D, 1-D, 2-D); however, a few used three-dimensional (3-D) models (e.g. Jackman et al., 1993 Jackman et al., , 1995 Jackman et al., , 2007 Semeniuk et al., 2005; Krivolutsky et al., 2006) to investigate the more detailed global effects of SPEs.
In this study we have used version 3 of the Whole Atmosphere Community Climate Model (WACCM3), which is a fully coupled general circulation with photochemistry model with a domain that extends from the ground to the lower thermosphere. WACCM3 allows study of the detailed timedependent 3-D atmospheric response to a variety of perturbations. Earlier studies of SPEs with 3-D models focused on single very large SPE periods. For example, Jackman et al. (1993 Jackman et al. ( , 1995 studied the October 1989 SPEs; Semeniuk et al. (2005) and Jackman et al. (2007) investigated the October/November 2003 SPEs; and Krivolutsky et al. (2006) considered the July 2000 SPE. The purpose of this work is to use WACCM3 to investigate the global effects of four very large SPE periods over solar cycles 20-23 (years 1963-2005) , namely, the August 1972 , October 1989 SPEs. The atmosphere was undergoing substantial changes from 1963-2005 with ground chlorine source gas amounts increasing from about 0.9 to 3.3 ppbv and ground carbon dioxide amounts increasing from about 317 to 380 ppmv. Also, the SPE periods themselves were somewhat different with significant variations in the temporal and altitudinal extent and intensity of the particular events.
Some recent work (e.g., Jackman et al., 2001 Jackman et al., , 2005a Rohen et al., 2005; Krivolutsky et al., 2006) has indicated that the observed NO x enhancements and ozone decreases during and shortly after SPEs can be fairly reasonably simulated. However, recent measurements of SPE-caused short-term enhancements of HOCl, ClO, and ClONO 2 (von Clarmann et al., 2005) and HNO 3 and N 2 O 5 (López-Puertas et al., 2005b) have not yet been compared with global model simulations in the literature to the best of our knowledge. Also, the medium-term polar enhancements in NO x in September 2000 attributed to the July 2000 SPE (Randall et al., 2001) have not yet been modeled with a general circulation model as far as we know.
This investigation will focus on the short-and mediumterm (days to months) atmospheric influence caused by the very large SPE periods in August 1972 , October 1989 . We will compare our WACCM3 predictions with observations from several satellite instruments documenting SPE effects during these four periods. As part of this analysis we will discuss SPEcaused short-term enhancements in HNO 3 , N 2 O 5 , HOCl, ClONO 2 , and ClO and compare WACCM3 and satellite measurements in October-November 2003. We will also compare WACCM3 with observations of the medium-term NO x enhancements caused by the SPEs (up to several months past the events). This study will ultimately provide a test of the ability of a general circulation model with chemistry to simulate several different SPE periods. This paper is divided into seven primary sections, including the Introduction. The solar proton flux and ionization rate computation are discussed in Sect. 2 and SPE-induced production of HO x and NO y are discussed in Sect. 3. A description of the satellite instrument measurements and WACCM3 is given in Sect. 4. WACCM3 model results for short-term (days) constituent changes, with comparisons to measurements for some very large SPEs of the past 45 years, are shown in Sect. 5 while medium-term (months) constituent changes caused by SPEs are discussed in Sect. 6. The conclusions are presented in Sect. 7. 1963 -1993 (Jackman et al., 1990 Vitt and Jackman, 1996) . The National Oceanic and Atmospheric Administration (NOAA) Geostationary Operational Environmental Satellites (GOES) were used for proton fluxes from 1994 . Proton flux data from IMP 1-7 were used for the years [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] . These data were taken from T. Armstrong and colleagues (University of Kansas, private communication, 1986; see Armstrong et al. (1983) for a discussion of the IMP 1-7 satellite measurements). A power law was used to fit these flux data as a function of energy, which were assumed to be valid over the range 5-100 MeV (Jackman et al., 1990) and then degraded in energy using the scheme first discussed in Jackman et al. (1980) . The scheme includes the deposition of energy by all the protons and associated secondary electrons. The energy required to create one ion pair was assumed to be 35 eV (Porter et al., 1976) .
IMP 8 was used for the proton flux data for the years 1974-1993. Vitt and Jackman (1996) take advantage of the measurements of alpha particles by IMP 8 as well and use proton fluxes from 0.38-289 MeV and alpha fluxes from 0.82-37.4 MeV in energy deposition computations. The energy deposition methodology is similar to that discussed in Jackman et al. (1980) . Alpha particles were found to add about 10% to the total ion pair production during SPEs. The GOES satellite proton fluxes are fit with exponential spectral forms in three energy intervals: 1-10 MeV, 10-50 MeV, and 50-300 MeV. The energy deposition methodology again is that discussed in Jackman et al. (1980) .
There are uncertainties associated with these proton fluxes, especially given the large number of satellite instruments used to compile the measurement record. We have made some straightforward comparisons of particular proton flux measuring instruments and estimate the proton flux uncertainties to be up to 50%. Although it is beyond the scope of the present study to undertake a more detailed comparison, we recommend that such an investigation be accomplished by experts in the field of solar particle observations. The daily average ion pair production rates for years 1963-2005 were computed from the energy deposition assuming 35 eV/ion-pair. An example of the daily average ionization rate (cm −3 s −1 ) is given in Fig. 1 for a thirteen day period in October-November 2003, a very intense period of SPEs. The 28-31 October 2003 SPE period was the fourth largest of the past 45 years (see Table 1 ). Very large daily average ionization rates of >5000 cm −3 s −1 extending from 0.01 to 1 hPa are computed for 29 October 2003. Large ionization rates >1000 cm −3 s −1 extending from the upper stratosphere through the mesosphere are computed for 28-30 October 2003.
These ionization rate data are provided as functions of pressure between 888 hPa (∼1 km) and 8×10 −5 hPa (∼115 km) at the SOLARIS (Solar Influence for SPARC) website (http://www.geo.fu-berlin.de/en/met/ag/strat/ research/SOLARIS/Input data/index.html) and can be used in model simulations.
3 Odd hydrogen (HO x ) and odd nitrogen (NO y ) production 3.1 Odd hydrogen (HO x ) production Protons and their associated secondary electrons produce odd hydrogen (HO x ). The production of HO x takes place after the initial formation of ion-pairs and is the end result of complex ion chemistry (Swider and Keneshea, 1973; Frederick, 1976; . Generally, each ion pair results in the production of approximately two HO x species in the upper stratosphere and lower mesosphere. In the middle and upper mesosphere, an ion pair is calculated to produce less than two HO x species. The HO x production from SPEs is included in WACCM3 using a lookup table from Jackman et  al. (2005a, Table 1 ), which is based on the work of . The HO x constituents are quite reactive with each other and with other constituents and have a relatively short lifetime (∼hours) throughout most of the mesosphere (SC 19, SC 20, SC 21, SC 22, SC 23) . Plotted values for NO y production are taken from Jackman et al. (1980 Jackman et al. ( , 1990 Jackman et al. ( , 2005b , Vitt and Jackman (1996) , and recent computations. (Brasseur and Solomon, 1984, see Fig. 5.28 ) and thus are important only during and shortly after solar events.
Odd nitrogen (NO y ) production
Odd nitrogen is produced when the energetic charged particles (protons and associated secondary electrons) collide with and dissociate N 2 . We assume that ∼1.25 N atoms are produced per ion pair and divide the proton impact of N atom production between ground state (∼45% or ∼0.55 per ion pair) and excited state (∼55% or ∼0.7 per ion pair) nitrogen atoms (Porter et al., 1976) . Following the discussion in Jackman et al. (2005a), we assume production of 0.55 ground state N( 4 S) atoms per ion pair and 0.7 N( 2 D) atoms per ion pair for our model simulations. SPEs can also lead to a reduction in odd nitrogen via production of N( 4 S), when the NO y loss reaction, N( 4 S)+NO→N 2 +O, is increased. This NO y loss mechanism is important during especially large SPEs, when a huge amount of NO y is produced in a short period of time . In spite of the associated enhanced loss of NO y during these disturbed periods, SPEs usually lead to a net increase in NO y . Figure 2 shows a time series of our computed annually averaged global NO y production from SPEs in the middle atmosphere. The NO y production roughly follows the solar cycle with maximum (minimum) production near sunspot maximum (minimum).
Although the solar UV-induced oxidation of nitrous oxide (N 2 O+O( 1 D)→NO+NO) provides the largest source of NO y in the middle atmosphere (52-58 gigamoles per year; Vitt and Jackman 1996) , the SPE source of NO y can be significant during certain years. This is especially true at polar latitudes where the transport from lower latitudes and the larger solar zenith angles result in a somewhat smaller local source of NO y due to N 2 O oxidation. Table 1 shows the magnitude of the fifteen largest individual SPEs, in terms of the computed middle atmospheric NO y production, during the past 45 years. Note that eight of these event periods occurred during the current solar cycle (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) . The NO y family has a lifetime of months to years in the middle and lower stratosphere (e.g. Randall et al., 2001; Jackman et al., 2005a) . Therefore, the effects of the SPEproduced NO y can last for several months, especially when large solar events occur in late fall or winter. WACCM3 has fully interactive dynamics, radiation, and chemistry. WACCM3 not only incorporates modules from CAM3, but also the Thermosphere-Ionosphere-MesosphereElectrodynamics General Circulation Model (TIME-GCM) and the Model for OZone And Related chemical Tracers (MOZART-3). WACCM3 is a global model and has 66 vertical levels from the ground to 4.5×(10 −6 ) hPa (approximately 145 km geometric altitude). Vertical resolution is ≤1.5 km between the surface and about 25 km. Above that altitude, vertical resolution increases slowly to 2 km at the stratopause and 3.5 km in the mesosphere; beyond the mesopause, the vertical resolution is one half the local scale height. The latitude and longitude grids have spacing of 4 • and 5 • , respectively.
WACCM3 incorporates most of the CAM3 ingredients, however, its gravity wave drag and vertical diffusion parameterizations are modified somewhat and described in Garcia et al. (2007) . WACCM3 differs from CAM3 in other ways in that it includes a detailed neutral chemistry model for the middle atmosphere; heating due to chemical reactions; a model of ion chemistry in the mesosphere/lower thermosphere (MLT); ion drag and auroral processes; and parameterizations of shortwave heating at extreme ultraviolet (EUV) wavelengths and infrared transfer under nonlocal thermodynamic equilibrium (NLTE) conditions. WACCM3's neutral chemistry module including reactions and solver is described in Kinnison et al. (2007) . The neutral constituent photochemical reaction rates and photodissociation cross sections are taken from Sander et al. (2003) . As a full GCM with chemistry, WACCM3 implicitly includes the diurnal cycle for all constituents at all levels in the model's domain. The other processes and parameterizations, which are unique to WACCM3, are described in Garcia et al. (2007) . Other details about WACCM3 and model results are given in Sassi et al. (2002 Sassi et al. ( , 2004 , Forkman et al. (2003) , Richter and Garcia (2006) , and Marsh et al. (2007) .
WACCM3 simulations
WACCM3 was forced with observed time-dependent sea surface temperatures (SSTs), observed solar spectral irradiance and geomagnetic activity changes, and observed concentrations of greenhouse gases and halogen species over the simulation periods (see Garcia et al., 2007) . We have completed a number of WACCM3 simulations, either with or without the daily ionization rates from SPEs. The ionization rates, when included, were applied uniformly over both polar cap regions (60-90 • N and 60-90 • S geomagnetic latitude) as solar protons are guided by the Earth's magnetic field lines to these areas (McPeters et al., 1981; Jackman et al., 2001 Jackman et al., , 2005a . The effects are not expected to be symmetric between the hemispheres because of the differing offsets of geomagnetic and geographic poles. Other differences between the hemispheres are primarily driven by seasonal differences in the northern and southern polar regions. Transport and solar angle disparities due to seasonal changes are the main causes of these inter-hemispheric variances.
A list of the WACCM3 simulations and their designation in this study is given in Table 2 . Usually an ensemble consisting of four simulations with different initial conditions was run for each experiment. Simulation 1(a, b, c, d) with SPEs covered the full period 1 January 1963-31 December 2005. Since the year 1989 was very active in terms of SPEs (see Table 1 Throughout the paper we discuss 2σ statistical significance levels to illustrate how the SPE effects compares to the background variability simulated in the model.
Simulations 1(a, b, c, d), 2(a, b, c, d), and 2(w, x, y, z) have model output every five days. Simulations 3(a, b, c, d), 3(w, x, y, z), 4(a), 4(w), and 5(w, x, y, z) have model output every day. For short periods (∼two weeks), different realizations produce similar results; thus it is appropriate to use only a single realization for simulation 4. WACCM3 output, whether daily or every five days, is a snap-shot of model results at 00:00 GMT. (2005) providing, except for ClO, higher altitude resolution.
SPE-induced short-term (days) changes in composition
The very large SPEs (see Table 1 ) caused the most profound changes in atmospheric composition. Satellite instrument observations exist for several constituents during SPEs that occurred in solar cycle 23. The October 2003, July 2000, August 1972, and October 1989 SPEs -the fourth, third, second, and first largest SPE periods in the past 45 years, respectively -were ideal candidates for comparing WACCM3 results to measurements. Previous studies of these four SPE periods have documented significant changes associated with the events (e.g. Heath et al., 1977; Reagan et al., 1981; McPeters et al., 1981; McPeters, 1987, 2004; Jackman et al., 1990 Jackman et al., , 1993 Jackman et al., , 1995 Jackman et al., , 2001 Jackman et al., , 2005a Zadorozhny et al., 1992; Randall et al., 2001; Seppala et al., 2004; Degenstein et al., 2005; López-Puertas et al., 2005a, b; von Clarmann et al., 2005; Rohen et al., 2005) . We compare the WACCM3 results with some of these satellite measurements in Sects. 5.2 through 5.4.
Several large solar eruptions occurred in October/November 2003, the so-called "Halloween Storms". The most intense SPE period accompanying these solar eruptions was during 28-31 October 2003, the fourth largest SPE period in the past 45 years. The short-term atmospheric effects from these SPEs are probably the best documented for any solar events. At least five satellite instruments measured the atmospheric effects of these SPEs, including UARS HALOE, NOAA-16 SBUV/2, and Envisat's MIPAS, SCIAMACHY, and GOMOS (Seppala et al., 2004; Jackman et al., 2005a; López-Puertas et al., 2005a, b; von Clarmann et al., 2005; Orsolini et al., 2005; Degenstein et al., 2005; Rohen et al., 2005) . The middle atmospheric effects from the SPEs were largest during and several days after these events.
To be clear: We focus only on the impact of the solar protons associated with the solar eruptions in OctoberNovember 2003. It is likely that huge increases in lower thermospheric NO x were created by lower-energy electron precipitation, which occurred in conjunction with these SPEs. The very large enhancements in mesospheric and upper stratospheric NO x observed by UARS HALOE, the Canadian Space Agency (CSA) Atmospheric Chemistry Experiment (ACE), and MIPAS in the Northern Hemisphere in February-April 2004 were possibly caused by the downward transport of this thermospheric NO x to lower atmospheric Huge HO x increases are predicted during the most intense periods of the SPEs reaching over 100% and 700% near 0.1 hPa in the southern and northern polar regions, respectively. Although the SPEproduced HO x concentrations are roughly the same in both hemispheres, the percentage change in HO x shows a huge interhemispheric difference. This interhemispheric HO x enhancement difference is a result of the ambient levels of HO x which are greater in the southern hemisphere (e.g., see Solomon et al., 1983) due to the different solar zenith angles and hence greater HO x production relative to the NH.
Since the HO x species have a relatively short lifetime (hours), these very short-term effects disappear almost entirely by the end of 6 November. HO x changes after this date are due to the normal seasonal behavior in those regions as sunlight increases (decreases) in the southern (northern) polar regions, leading to increases (decreases) in the sources of HO x [H 2 O+O( 1 D)→2OH and H 2 O+hν→H+OH]. The enhanced HO x constituents produced by the SPEs led to shortterm ozone destruction, especially in the mesosphere and upper stratosphere. This will be discussed in Sect. 5.3. 
NO x (N, NO, NO 2 ) constituents
The NO x species have considerably longer lifetimes than the HO x species and are produced in great abundance during very large SPEs. For example, we have evidence of huge enhancements of NO x as a result of the "Halloween Storms" of 2003. The Envisat MIPAS instrument provided simultaneous observations of NO x in both polar regions. Atomic nitrogen (N) is quite small in the mesosphere and stratosphere; thus, the MIPAS measurements of NO and NO 2 essentially provide a measure of the polar NO x enhancements during the "Halloween Storms" of 2003. We show the MI-PAS Northern Hemisphere polar NO x on three days (27, 29, and 30 October) in Fig. 4 (top) at the 2250 K (50-55 km) surface. The polar vortex edge has been calculated using the criteria discussed in Nash et al. (1996) but modified so that a long-lived chemical constituent influenced by dynamics (CH 4 below 1500 K and CO above) has been used, instead of the mean zonal winds. That is, the vortex edge is defined where there coexists a pronounced gradient in potential vorticity and a large gradient in the dynamically-influenced constituent. This vortex boundary is represented with a red curve and the geomagnetic pole is marked with a red plus sign. Some individual NO x values reached 180 ppbv, about a factor of ten larger than normal under unperturbed conditions. Generally, the largest average NO x values were close to 100 ppbv. We present WACCM3 results for the same three days in Fig. 4 (bottom) from simulation 4(a). The model shows similar qualitative and quantitative behavior with polar NO x levels reaching over 90 ppbv. There are differences in the shape of the SPE-perturbed region, which are probably due to differences between the transport in WACCM3 and the Earth's atmosphere at this level. WACCM3 is a free-running climate model, so the computations cannot be expected to reproduce in detail the conditions prevailing in the atmosphere at any particular time.
NO x levels were also measured during this period by UARS HALOE. We show the excess NO x beyond baseline amounts before the SPE period in Fig. 5 (top) (adapted from Fig. 7 of Jackman et al., 2005a) . This plot was constructed with HALOE sunset profiles taken at high southern latitudes (64 • and 75 • S) in the SPE-disturbed period 30 October-7 November 2003 differenced with those sunrise profiles taken at high southern latitudes before the SPE (12-15 October 2003) . Since NO and NO 2 are tightly coupled and the quantity NO+NO 2 is highly conserved during a 24-h period in the upper stratosphere and mesosphere, it is possible to com- 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, and 90 ppbv. pare sunrise NO x measurements with sunset NO x measurements and derive the perturbed atmospheric NO x changes for a short period (approximately a week).
We present WACCM3 results from simulation 4(a) for NO x during this same period in Fig. 5 (bottom) . The WACCM3 results are zonal average values over the same latitude band as HALOE. These model/measurement comparisons are valid because the NO x family changes so slowly with time. The values in the plot show the excess NO x beyond the 25 October 2003 levels (quiet period). The colored region indicates 2σ statistically significant changes. Both the observations and the model indicate a very similar temporal structure. Huge NO x increases of greater than 100 ppbv (red color) were produced in the middle to upper mesosphere (0.03 to 0.006 hPa) for 30-31 October . The lower mesosphere showed NO x increases of greater than 20 ppbv throughout the period, compared with unperturbed values of less than 1 ppbv . There are some modest differences between the WACCM3 predictions and the HALOE measurements. However, given the huge NO x changes from this perturbation, WACCM3 and HALOE are in reasonable agreement.
The nighttime NH MIPAS NO 2 enhancements are compared with WACCM3 results in Fig. 6 . The reprocessed MI-PAS version V3O NO 2 9 data are given here. WACCM3 simulation 4(a) (Fig. 6, middle) shows NO 2 increases over 90 ppbv and MIPAS (Fig. 6, top) observes maximum NO 2 increases of about 70 ppbv in the lower mesosphere. The enhanced NO 2 is long-lasting with amounts greater than 30 ppbv in both MIPAS and WACCM3 between 45 and 55 km through 14 November. The downward transport of NO 2 over this time period is also evident in both MIPAS and WACCM3. Figure 6 (bottom) shows WACCM3 results from a simulation without SPEs, simulation 4(w), which indicates that the seasonal changes are generally negative at this time of year. The colored areas Fig. 6 (middle) illustrate the regions where the perturbation is statistically significant at the 2σ level. For these altitudes nighttime NO 2 is essentially NO x . The WACCM3 results qualitatively agree with MIPAS. However, WACCM3 is generally larger than MIPAS (usually 15 ppbv or more) at most altitudes above 45 km. From 35-45 km MIPAS mostly measures higher levels of NO 2 enhancement than predicted. Below 35 km both MIPAS and WACCM3 show seasonal NO 2 decreases.
Ozone
Ozone was also impacted by these SPEs. The SPE-produced HO x and NO x constituents led to short-and longer-term catalytic ozone destruction in the lower mesosphere and stratosphere (pressures greater than about 0.5 hPa). The temporal evolution of changes in ozone abundance measured by MIPAS during and after the October-November 2003 SPEs is given in Fig. 7 (top) . These values are presented for the Southern Hemisphere (SH) (70-90 • S) and Northern Hemisphere (NH) (70-90 • N) polar caps. The reprocessed MIPAS version V3O O 3 9 data are shown here. The measurements are compared to WACCM3 predictions from simulation 4(a) in the same regions in Fig. 7 (upper middle) . Due to the short lifetime of HO x constituents (see Fig. 3 ), their ozone influence lasts only during and for a few hours after the SPEs. This explains the huge measured and modeled ozone depletion above 50 km on 29-30 October and, to a lesser extent, on 3-4 November. Note that Fig. 1 shows ion pair production, which is essentially a proxy for the NO x and HO x production. WACCM3 predictions in Fig. 7 (lower middle) are the same as Fig. 7 (upper middle) except the colored areas illustrate the regions where the perturbation is statistically significant at the 2σ level. -65, -60, -55, -50, -45, -40, -35, -30, -25, -20, -15, -10, -5, 0, 5, 10, 20, and 40%. SPE impacts in the NH are larger than the SH in both models and simulations. NH ozone depletion exceeds 50% during the SPEs in late October. These interhemispheric differences in ozone depletion are caused by the differences in solar zenith angle between the NH and SH. The NH with the larger solar zenith angle has a larger percentage HO x change (see Fig. 3 ) than the SH and thus a larger short-term impact on ozone (for further discussion see Solomon et al., 1983) . Polar NH upper stratospheric ozone depletion greater than 30% continues through 14 November, the end of the plotting period. The polar SH shows ozone reduction greater than 30% during the SPEs in late October with lower mesospheric ozone depletion from 5-10% continuing through 14 November.
The measured and modeled ozone depletions show some differences. The NH modeled ozone indicates a larger recovery (ozone enhancement) above ∼57 km after 7 November, than indicated in the measurements. This apparent NH ozone recovery is due to seasonal changes (see bottom plots in Fig. 7 ), wherein ozone is enhanced via transport from above. The SH modeled ozone below ∼45 km indicates a larger ozone depletion after 2 November, than indicated in the measurements. The reason(s) behind these NH and SH model-measurement differences are still unclear, but is probably caused in part by the fact that transport and temperature in WACCM do not correspond to any specific year.
Other measurements of short-term ozone loss caused by solar protons are available for other SPEs. For example, a very large SPE commenced on 14 July 2000, the so-called "Bastille Day" solar storm, which was the third largest SPE period in the past 45 years. This SPE took place over the 14-16 July period. Jackman et al. (2001) showed Northern Hemisphere polar ozone changes (in ppmv) from the NOAA 14 SBUV/2 instrument at 0.5 hPa due to the July 2000 SPE between 13 July (before SPE) and 14-15 July (during SPE), 2000. We provide a similar plot in Fig. 8 , which shows the percentage change for ozone from 13 July to 14-15 July for NOAA 14 SBUV/2 and from 13 July to 15 July at 0:00 GMT from the average of WACCM3 simulations 3(a, b, c, d). Figure 8 (left) is constructed from 24 h of NOAA 14 SBUV/2 orbital data during the maximum intensity of the event and Fig. 8 (right) is a difference of model "snapshots." The colored areas in Fig. 8 (right) demonstrate the 2σ statistically significant changes.
The polar cap edge (60 • geomagnetic latitude), wherein the protons are predicted to interact with the atmosphere, is indicated by the white circle. Large ozone decreases of 30-40% are seen at this pressure level in both the SBUV/2 observations and WACCM3 calculations, which are primarily caused by the SPE. These ozone decreases are driven by catalytic destruction from the HO x increases of ∼100% and are mostly confined to the polar cap areas (e.g. Jackman et al., 2001 ). The polar cap changes are nearly all statistically significant at 2σ . Overall there is good agreement between WACCM3 and SBUV/2. (2005b) argued that the observed HNO 3 increases in the upper stratosphere and lower mesosphere were probably primarily caused by the gas-phase reaction, NO 2 +OH+M→HNO 3 +M. Both OH and NO 2 enhancements were simulated when WACCM3 was run with SPEs and the inclusion of this reaction in WACCM3 led to increases in HNO 3 .
Other constituents
We show WACCM3 results in Fig. 9 for two types of representation: 1) usual representation on the model grid, called WACCM; and 2) after application of the MIPAS averaging kernel (AK), called WACCM (AK). This second representation can significantly change the model results for constituents HNO 3 , N 2 O 5 , ClONO 2 , HOCl, and ClO, but is of minor influence on the WACCM3/MIPAS ozone comparisons (Fig. 7) . MIPAS retrievals are based on constrained least squares fitting of modeled to measured spectra . The applied constraint smooths the vertical profiles and affects the retrieval particularly at altitudes where MIPAS is not very sensitive to the emission of the particular constituent. The model and MIPAS data are more comparable when the MIPAS AKs are applied to the WACCM data (Rodgers, 2000) . The result WACCM (AK) is what MIPAS would see if it would sound the atmospheric state as modeled by WACCM.
The usual representation of model results from simulation 4(a) (see Fig. 9 , middle left) suggest that HNO 3 increases were largest above 45 km and below 30 km in the period plotted. The sampling of simulation 4(a) results with the MIPAS AK moves the peak of the HNO 3 increases to a lower altitude (by a few km), reduces the peak amounts, and does not significantly improve the model/measurement agreement. The colored areas in Fig. 9 (middle plots) illustrate the regions where the perturbation simulated in WACCM3 is statistically significant at the 2σ level. Figure 9 (bottom plots) shows WACCM3 results from a simulation without SPEs, simulation 4(w), which indicates that there are seasonal changes, but none that are very important above 35 km.
It is difficult to understand the large observed changes in the 35-55 km altitude range which are not simulated in WACCM3, given the ionization rates of Fig. 1 This pathway for HNO 3 production, first proposed by , requires the production of NO It is beyond the scope of this paper to include such a water cluster ion scheme for HNO 3 production. Another possible reason behind the model/measurement discrepancy could be a faster reaction rate for NO 2 +OH+M→HNO 3 +M than was given in Sander et al. (2003) and employed in WACCM3.
The enhanced HNO 3 measured by MIPAS during the peak of the solar event is rather temporary with a peak over 2. The usual sampling of model results from simulation 4(a) (see Fig. 10 , middle left) show that N 2 O 5 modeled enhancements peaked at about 45 km near the last day plotted (14 November), about 5 km higher than the MIPAS peak. Also, WACCM3 predicted N 2 O 5 increases of 5-6 ppbv (primarily driven by the SPEs) in Fig. 10 (middle left) were significantly larger than the MIPAS measured increases of about 1 ppbv. The sampling of simulation 4(a) results with the MIPAS AK moves the peak of the N 2 O 5 increases to about 40 km, in better agreement with MIPAS. However, the predicted increases are still significantly higher than MIPAS with peak levels at about 4-5 ppbv. The colored areas in Fig. 10 -0.05, 0.0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.6, 0.8, 1.0, 1.5, 2, 3, 4, 5, and 6 ppbv. illustrate the regions where the perturbation is statistically significant at the 2σ level. The cause of the discrepancy between the model and measurements at these altitudes could be related to the speed at which N 2 O 5 is produced via
For example, if this reaction proceeds much slower than indicated in Sander et al. (2003) , then the build-up of N 2 O 5 will be reduced after a large solar event. Conversely, the thermal decomposition reaction N 2 O 5 +M → NO 2 +NO 3 +M and/or the photodissociation of N 2 O 5 may be proceeding more rapidly than indicated in Sander et al. (2003) , preventing a larger build-up of N 2 O 5 after a large solar event. At the present time, it is impossible to determine what reaction(s) need to be corrected in WACCM3 to simulate better agreement with MIPAS. Also, the production of N 2 O 5 is very sensitive to the temperature and dynamics. Differences between the predicted/real temperatures and/or differences in the dynamics (downward transport of earlier-produced NO 2 ) might explain some of these differences.
ClONO 2 change
We show Envisat MIPAS V3O ClONO 2 9 measurements and WACCM3 computations of ClONO 2 in Fig. 11 for the polar Northern Hemisphere (70-90 • N). The MIPAS observations showed ClONO 2 maximum enhancements at 35-40 km of 0.3-0.4 ppbv starting right after the largest proton fluxes on 29-30 October (Fig. 11, top) . The usual representation of model results from simulation 4(a) (see Fig. 11 , middle left) show predicted ClONO 2 increases at approximately the same amounts, however, the peak production was at a higher altitude (40-45 km) and several days later than measured.
The sampling of simulation 4(a) results with the MIPAS AK moves the peak of the ClONO 2 increases to about 40 km, in better agreement with MIPAS. However, the predicted peak increases are reduced substantially to about 0.2 ppbv, about a factor of two less than observed. The colored areas in Fig. 11 (middle plots) illustrate the regions where the perturbation is statistically significant at the 2σ level.
The SPE-produced NO x leads to enhanced ClONO 2 production via
The cause of the discrepancy between the model and measurements at these altitudes could be related to the speed of this reaction. If this reaction proceeds much faster than indicated in Sander et al. (2003) , then the build-up of ClONO 2 will be enhanced to larger amounts more quickly after a large solar event. However, any changes in the rate for this reaction will also impact the ClO amounts (discussed below) and need to be considered carefully. Predicted seasonal changes (Fig. 11, bottom) mostly indicated increases over the time period although they appear to be primarily important below 35 km. The usual representation of model results from simulation 4(a) (see Fig. 12 , bottom left) show WACCM3 predicted HOCl increases from 35 km up to 60 km and above. The modeled peak enhancement is about 0.2-0.25 ppbv larger than measured. WACCM3 results also show a secondary HOCl peak on 4 November due to a smaller SPE in this period (Fig. 1) .
The application of the MIPAS averaging kernels to the simulation 4(a) results moves the peak of the HOCl increases to the altitude range 30-55 km and totally eliminates the secondary HOCl peak, in better agreement with MIPAS. The predicted peak increases are reduced substantially and now are only about 0.1 ppbv larger than observed. The colored areas in Fig. 12 (bottom plots) illustrate the regions where the perturbation is statistically significant at the 2σ level.
We also investigated model predictions in the WACCM3 computation without SPEs [simulation 4(w), not shown] and found very small seasonal changes over this period, implying that practically all of the measured and modeled HOCl changes were due to the SPEs.
ClO change
ClO is closely coupled to HOCl and ClONO 2 . We show Envisat MIPAS V3O ClO 11 measurements and WACCM3 computations of ClO in Fig. 13 for the polar Northern Hemisphere (60-80 • N). MIPAS provides better ClO measurements in this latitude band than that used for the other constituents in this section (i.e., 70-90 • N). Generally, the MIPAS observations show ClO enhancements in the 30-50 km altitude range, peaking over 0.2 ppbv on three separate days (30 Oct, 1 Nov, and 8 Nov), although there are two days (4 and 10 Nov) when decreases are measured. The usual representation of model results from simulation 4(a) (see Fig. 13 , middle left) show predicted ClO increases only above 55 km and then only for about 3 days (28-31 Oct). Between 40 and 55 km, the WACCM3 ClO shows a decrease throughout the time period with peak reductions over 0.3 ppbv.
The application of the MIPAS averaging kernels to the simulation 4(a) results moves the decreases in ClO to lower altitudes and diminishes the peak ClO reductions to ∼0.15 ppbv. The colored areas in Fig. 13 (middle plots) illustrate the regions where the perturbation is statistically significant at the 2σ level. Predicted seasonal changes (Fig. 13 , bottom) mostly indicated decreases over the time period that are about 1/3 to 1/2 of the computed changes occurring at this time of year.
The production of ClO during SPEs was discussed in von Clarmann et al. (2005) .
SPE-produced OH can release reactive chlorine (Cl) from the reservoir HCl (OH+HCl→H 2 O+Cl) and lead to the creation of ClO (Cl+O 3 →ClO+O 2 ) . Loss of ClO during SPEs is also possible through the SPE-produced HO 2 (HO x ) and NO 2 (NO x ) creating HOCl and ClONO 2 via the reactions ClO+HO 2 → HOCl+O 2 and ClO+NO 2 +M → ClONO 2 +M.
The reasons behind the significant differences between MIPAS and WACCM3 ClO are presently not known. A study with a simpler model, which would allow easier addition or subtraction of included reactions and/or modifications in reaction rates, would be helpful in elucidating the major causes of these discrepancies.
SPE-induced medium-term (months) changes in composition
Very large SPEs produced NO x in the polar mesosphere and upper stratosphere (Zadorozhny et al., 1992; Jackman et al., 2001 López-Puertas et al., 2005b) . These NO x perturbations were significantly reduced in the sunlit hemisphere through the two step process [NO+hν→N+O followed by N+NO→N 2 +O]. However, the SPE-caused NO x enhancements in the darker hemisphere had a very long lifetime (∼months) and ended up being transported to the middle and lower stratosphere. This increased NO x had associated ozone decreases over its lifetime. We will discuss this process following the very large SPEs of July 2000 and October 1989 and show measurements and model simulations for 2-5 months past these SPEs. We will also show evidence of longer lasting (∼two months) SPE-caused ozone depletion following the August 1972 SPEs, likely caused by the SPEproduced NO x enhancements.
July 2000 Solar Proton Event
The July 2000 SPE produced large amounts of NO x , which was observed by HALOE and simulated in a 2-D model (Jackman et al., 2001) . We computed an ensemble average of the two groups of simulations 3 (a, b, c, d) and 3(w, x, y, z) and differenced the two to derive the results shown in Fig. 14. Note the near anti-correlation of NO x (Fig. 14, left) and ozone (Fig. 14, right) over most of this period. The HO x constituents (not shown) produced during the SPE on days [196] [197] [198] are responsible for the short-lived large ozone decreases (>40%). The SPE-caused NO x enhancement then drives the ozone depletion after this period. This is consistent with the downwelling associated with the residual circulation over the SH polar regions during July. By about day 255 (11 September), a NO x increase of >5 ppbv appears to cause an ozone loss of >10%. The rate of descent of the NO x and ozone perturbation is about 140 m/day (∼0.16 cm/s) over this period consistent with the residual circulation velocities during this time. Near the end of the plotted period (day 274), predicted NO x enhancements greater than about 4 ppbv and ozone decreases greater than about 20% are statistically significant at 2σ , which are indicated by the colored areas in the bottom plots in Fig. 14 . Is there any evidence of SPE-caused NO x enhancements lasting at least six weeks after the event period, as simulated by WACCM3? Yes: Randall et al. (2001) showed evidence from HALOE observations of large NO x (NO+NO 2 ) enhancements two months after this July 2000 SPE in the Southern Hemisphere. Ten years of HALOE observations are presented in Fig. 15 (left) . Although there is evidence of interannual variability, the year 2000 shows enhancements of NO x by about a factor of 2-3 beyond the normal range near 1000 K (∼33 km).
We have sampled the WACCM3 output of simulation 1(a) in a similar manner and present the results in Fig. 15 (right) . The WACCM3 results indicate somewhat larger interannual variability above about 32 km, and less variability below this altitude. Both HALOE and WACCM3 show NO x enhancements in year 2000 greater than 10 ppbv beyond the normal range. NO x changes greater than about 4 ppbv are statistically significant at the 2σ level throughout this altitude range at this time of year. Thus the July 2000 SPE likely led to these September 2000 NO x increases. Fig. 5a of Randall et al. (2001) showing Southern Hemisphere (SH) polar vortex HALOE NO x (ppbv) profiles in September/October for years 1991-2000. Right plot shows WACCM3 simulation 1(a) predicted SH polar vortex NO x (ppbv) profiles for the same periods.
The sharper peak in WACCM3 is likely related to the coarser altitude grid in the model. There are differences in the interannual variability in WACCM3 compared with HALOE near the top level shown (1500 K, ∼40 km) in Fig. 15 . The cause of these differences in the upper stratosphere between WACCM3 and HALOE may be related to A) a larger production in WACCM3 of lower thermospheric NO x via auroral electrons than exists in the atmosphere; B) a larger downward transport in WACCM3 of NO x from the lower thermosphere to the stratosphere; C) a combination of A) and B); or D) other differences between WACCM3 and the atmosphere. It is unclear what the differences in the lower stratosphere between WACCM3 and HALOE mean. A strong possibility is that there are different dynamics in the model and actual atmosphere. For instance, the local maxima near 700-800 K in the HALOE data likely result from downward transport of NO x produced earlier in the winter at higher altitudes by energetic particle precipitation (see Randall et al., 2007) ; WACCM3 might not be simulating this transport adequately. Recall that since the version of WACCM3 used here is not forced by analyzed winds, we do not expect the model dynamics to match the atmospheric dynamics in detail for any specific year.
August 1972 Solar Proton Events
The second largest SPE period in the past 45 years occurred 2-10 August 1972 (days 215-223) . Although this SPE period occurred about 35 years ago, there were recorded measurements of its ozone impact (e.g. Heath et al., 1977; Reagan et al., 1981; McPeters et al., 1981; Jackman and McPeters, 1987; Jackman et al., 1990) . We compare our WACCM3 predicted ozone changes to measured ozone changes from the backscattered ultraviolet (BUV) instrument on the Nimbus 4 satellite between about 32 and 53 km for 60 days in Fig. 16 . The BUV changes (Fig. 16a) were derived by comparing 1972 to 1970 ozone data (Jackman et al., (Fig. 16b) were derived by averaging the ensemble of simulations 1(a, b, c, d) and comparing 1972 to 1970 for the same latitude band. The shaded area in Fig. 16b illustrate the regions where the perturbation is statistically significant at the 2σ level.
There is reasonable agreement between the model and measurement with both showing significant ozone depletion (>10%) in the upper stratosphere (∼40-50 km) over most of the 60-day time period in the 70-80 • N latitude band. Both model and measurement show modest ozone depletion (5-10%) in the altitude region 40-45 km over most of the period in the 50-60 • N latitude band (not shown). Also, the measurements indicate a larger ozone depletion in the 33-40 km region for both latitude bands than simulated by the model. As explained in , only proton fluxes with energies less than 100 MeV were included for these SPEs. The August 1972 events probably had protons with energies greater than 100 MeV, which affect altitudes below 35 km. These high-energy protons, however, could not be reliably included into our computations.
October 1989 Solar Proton Events
The largest SPE period in the past 45 years occurred 19-27 October (Days 292-300), 1989. The NO y produced during this period was nearly a factor of two larger than the second largest SPE period (see Table 1 ). Both rocket measurements (NO; Zadorozhny et al., 1992) and satellite measurements (ozone and NO 2 ; Jackman et al., 1993 Jackman et al., , 1995 showed atmospheric changes as a result of these extremely intense SPEs.
We computed an ensemble average of the two groups of simulations 2(a, b, c, d) and 2(w, x, y, z) and differenced the two to derive the percentage change shown for NO 2 (Fig. 17 , left) and ozone (Fig. 17, right) at 70 • N. Very large upper stratospheric enhancements of NO 2 greater than 100% from late October to early December drive ozone decreases greater than 20%. The substantial ozone depletion (>10%) between 2 and 4 hPa before the 19-27 October SPE period was mainly caused by prior large SPE periods in 13-26 August 1989 and 29 September-3 October 1989 (see Table 1 ), which produced sufficient NO x to cause a longer-lived ozone loss. The NO 2 enhancement in March 1990 was caused by a medium sized SPE (Fig. 17, left) . No associated short-term ozone loss by HO x constituents is seen in Fig. 17 (right) because WACCM3 output was only every five days for these simulations and the SPE's influence on mesospheric and upper stratospheric ozone on 19-20 March 1990 was missed. Statistically significant 2σ changes are shown in the colored areas in the bottom plots of Fig. 17 . The enhanced NO 2 signal from the Oct. 1989 SPEs is transported downwards and slowly diluted over the seven months (Oct 1989 -April 1990 , however, increases greater than about 20% remain at the end of the period. The reduced ozone signal is also transported downwards and slowly diluted as well. Some of the NO 2 signal is statistically significant to 2σ over the entire period, whereas the ozone signal is not statistically significant after the end of 1989.
We computed the ozone change in the latitude band 60-80 • from the WACCM3 simulations 2(a, b, c, d) at 4 hPa (December 1989 contrasted with the December 1990 and December 1991 average) to be: 1) −6% for the SH; and 2) −18% for the NH. These model results can be compared to the NOAA 11 SBUV/2 measurements taken from Jackman et al. (1995, Table 1 ) of: 1) −1% for the SH; and 2) −12% for the NH. Although there are quantitative differences between WACCM3 and SBUV/2 measurements, the prediction of a substantially larger ozone depletion in the NH than the SH in December 1989 is similar to the measurements. These WACCM3 results complement the threedimensional chemistry-transport-model results given in Jackman et al. (1995) . The interhemispheric difference in the ozone loss results is caused by the difference in seasons in the SH and NH. The SH has a high solar zenith angle, promoting destruction of NO x through a two-step process [NO+hν→N+O followed by N+NO→N 2 +O] Thus, less NO x is available to deplete ozone in the SH compared with the NH. SAGE II ozone and NO 2 measurements over five months after this extreme proton flux period have been reported before in a comparison with 3D model predictions (Jackman et al., 1995) . SAGE II observations and WACCM3 simulation results are presented for NO 2 (Fig. 18, top) and ozone (Fig. 18, bottom) SAGE II measurements and WACCM3 predictions show large enhancements in NO 2 on 31 March 1990 (Fig. 18, top) : ∼68% at 21 km for SAGE II; ∼105% at 22 km for WACCM3 (case 1); and ∼34% at 22 km for WACCM3 (case 2). These results point to a substantial downward transport of NO y (in general) and NO 2 (in particular) after the SPEs (also, see Fig. 17, left) . Although there are differences between the model simulations and measurements in the absolute amount of enhanced NO 2 on 31 March 1990 as a result of the Oc- tober 1989 SPEs, it is clear that these SPEs have led to an increase in NO 2 . The horizontal lines in Fig. 18 indicate statistical significance at the 2σ level. Most of the WACCM3 NO 2 changes below 30 km are statistically significant.
Some of the differences between WACCM3 and SAGE II NO 2 changes may well be related to interannual variability (see discussion in Jackman et al., 1995) . Randall et al. (2006) also showed that varying meteorology plays a substantial role in determining the distribution of NO x in the NH middle atmosphere several months after energetic particle precipitation. Differences in medium-term changes in composition between the model and measurements are thus expected for these WACCM3 runs in which the model dynamics do not correspond to any particular year.
The measured and modeled decreases in ozone are in qualitative agreement near 25 km (Fig. 18, bottom) : ∼11% for SAGE II; ∼10% for WACCM3 (case 1); and ∼5% for WACCM3 (case 2). The measured and modeled ozone changes above 25 km indicate substantial variations with altitude. The polar regions have large interannual dynamical variations in both measurements and model simulations; thus, it is difficult to predict precisely the ozone impact over five months after this extremely large SPE period. As discussed above for Fig. 17 , none of the modeled ozone changes for 31 March 1990 are statistically significant at the 2σ level.
We note finally that the NO 2 enhancements primarily cause stratospheric ozone loss through the catalytic cycle given in section 1. However, the increased NO 2 also can lead to ClONO 2 and BrONO 2 increases [e.g., NO 2 +ClO+M→ClONO 2 +M]. These changes may also then lead to ozone increases in the lower stratosphere through interference with the halogen-driven ozone loss processes . The long-term changes caused by the NO y family enhancements as a result of SPEs will be addressed in a future study.
Conclusions
The WACCM3 has been used to study the short-term (days) and medium-term (months) constituent changes caused by SPEs over the 1963-2005 time period. The most pronounced atmospheric effects were caused by the very largest SPEs in this period and are concentrated in the polar regions. The four largest SPEs in the past 45 years (August 1972; October 1989; have satellite instrument observations of atmospheric changes with which to compare. Generally, there is reasonable agreement between the WACCM3 predictions and the observations, especially for SPE-caused NO x enhancements and ozone depletion. Polar mesospheric NO x (NO+NO 2 ) increased by over 50 ppbv and mesospheric ozone decreased by over 30% during these very large SPE periods.
There are, however, some disagreements between WACCM3 and satellite instrument observed enhancements of HNO 3 , N 2 O 5 , ClONO 2 , and ClO. Application of the MI-PAS averaging kernel to the WACCM3 output has helped in the comparison. The MIPAS measured enhanced HNO 3 is rather temporary (29-31 October 2003) , extends over a larger altitude range, and is much larger than that predicted by WACCM3. Conversely, the MIPAS measured N 2 O 5 enhancements are much smaller than predicted by WACCM3, but build up over a period of 10-14 days after the SPEs. The source of these measurement/model disagreements is unclear and may be related to the lack of certain photochemical reactions in WACCM3 or the speed of particular reaction rates included in WACCM3. The measured and predicted ClONO 2 increases peak near the same altitude, however, MIPAS indicates maximum enhancements a few days earlier and about a factor of two larger than WACCM3. The WACCM3 simulated ClO is very different from the MIPAS observations with the model indicating a decrease and the measurements showing an increase. These differences are very puzzling and need to be studied with a simpler model. The fairly similar HOCl peak amounts and temporal variation in MIPAS and WACCM3 must also be considered.
SPE-caused medium-term (months) were also investigated. WACCM3 predicted polar upper stratospheric and lower mesospheric NO x increases of over 10 ppbv, which were transported during polar night down to the middle stratosphere in several weeks as a result of the July 2000 SPE. This WACCM3 simulated NO x enhancement was compared with HALOE measured NO x in September 2000 and was found to be in reasonable agreement. Predicted NO 2 enhancements in March 1990 resulting from the October 1989 SPEs were compared to SAGE II measurements and showed qualitative agreement. Interannual transport variations and differences between WACCM3 and the atmosphere also contribute to model/measurement discrepancies in time periods several months past the events.
A manuscript in preparation will discuss the WACCM3 simulated long-term (months to years) atmospheric effects of very large SPEs.
